is currently approved as an antihypertensive [8] and antiischemic drug [9] , but is commonly prescribed 'off-label' in patients with HF [10, 11] , despite the absence of evidence-based efficacy data in this patient population based on the assumption that all ␤ -blockers share the same salutary effects in the treatment of HF [12] [13] [14] [15] .
We previously showed that long-term monotherapy with metoprolol CR/XL improves LV ejection fraction (EF) and reduces LV end-systolic volume, indicators of long-term morbidity and mortality, in dogs with chronic HF [16] . Because atenolol is widely used in the treatment of patients with HF, it seemed reasonable to compare its effects on LV function and remodeling to those of metoprolol CR/XL in the same canine model of chronic HF. In the present study, we compared the effects of longterm monotherapy with atenolol to those of metoprolol CR/XL on the progression of LV dysfunction and LV global and cellular remodeling in dogs with intracoronary microembolization-induced HF.
Methods

Experimental Model
The canine model of chronic HF used in this study was previously described in detail [17] . In this preparation, LV dysfunction is produced by multiple sequential intracoronary microembolizations with polystyrene latex microspheres (70-102 m in diameter), which results in loss of viable myocardium. The model manifests many of the hemodynamic and neurohormonal sequelae of HF observed in humans, including marked and progressive depression of LV systolic and diastolic function, reduced cardiac output and increased LV filling pressures, along with elevated levels of circulating norepinephrine. In the present study, 20 healthy mongrel dogs, weighing between 20 and 30 kg, underwent serial coronary microembolizations to produce HF. Embolizations were performed 1-3 weeks apart and discontinued when LV EF, determined angiographically, was between 30 and 40%. All procedures were performed during cardiac catheterization under general anesthesia and sterile conditions. Induction of anesthesia was initiated with intravenous administration of hydromorphone (0.22 mg/kg) and diazepam (0.17 mg/kg) and a plane of anesthesia was maintained with 1-2% isofluorane. The study was approved by the Henry Ford Health System Institutional Animal Care and Use Committee and conformed to the National Institute of Health Guide and Care for Use of Laboratory Animals .
Study Protocol
Two weeks after the last embolization, dogs underwent a prerandomization cardiac catheterization. One day later, dogs were randomized to 3 months of oral monotherapy with atenolol (50 mg once daily, n = 6), metoprolol CR/XL (100 mg once daily, n = 7) or no therapy at all (control, n = 7). At the end of the follow-up period, a final cardiac catheterization was performed. At the end of the cardiac catheterization and while under general anesthesia, the chest was opened and the heart rapidly removed for histological and biochemical examination. LV tissue samples were obtained from all 20 HF dogs as well as from 6 normal dogs (normal group, n = 6) for comparisons.
Hemodynamic and Angiographic Measurements
Hemodynamic and angiographic measurements were made at baseline, prior to any microembolizations, at the time of randomization, prior to initiation of therapy (pretreatment) and at the end of 3 months of therapy (posttreatment). Aortic and LV pressures were measured with catheter-tip micromanometers (Millar Instruments, Houston, Tex., USA). Pressures, and pressure-derived parameters, were recorded using a Mennen Medical Horizon 9000 A/D data analysis and recording system. All pressures and pressure-derived measures represented the average of consecutive pressure waveforms collected over 10-15 s. Left ventriculograms were obtained with the dog placed on its right side and recorded on 35-mm cinefilm at 30 frames/s during the injection of 20 ml of contrast material (RENO-M-60; Squibb, Princeton, N.J., USA). Correction for image magnification was made with a radiopaque calibrated grid placed at the level of the LV. LV end-systolic and end-diastolic volumes were calculated from LV silhouettes using the area-length method and LV EF was calculated as previously described [17] . Extrasystolic and postextrasystolic beats were excluded from any of the angiographic analysis. LV end-diastolic circumferential wall stress was calculated as described previously [18] ; the time constant of isovolumic relaxation, , was calculated as described by Weiss et al. [19] .
Histomorphometric Measurements
From each heart, 3 transverse slices (approximately 3 mm thick), 1 each from basal, middle and apical thirds of the LV, were obtained. From each slice, transmural tissue blocks were obtained and embedded in paraffin blocks. Transmural tissue blocks were also obtained from the free wall segment of the slice, mounted on cork using Tissue-Tek embedding medium, and rapidly frozen in isopentane precooled in liquid nitrogen and stored at -70 ° C until used. The volume fraction of replacement fibrosis (VFRF), volume fraction of interstitial fibrosis (VFIF), myocyte cross-sectional area (MCSA), a measure of cardiomyocyte hypertrophy, capillary density and oxygen diffusion distance (ODD) were measured as previously described [20, 21] .
mRNA and Protein Expression mRNA expression of the housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH), adenylyl cyclase 5 (AC5), ␣ -myosin heavy chain ( ␣ -MHC) and sarcoplasmic reticulum Ca 2+ -ATPase (SERCA-2a) was measured. Total RNA with an absorbance ratio (260 nm/280 nm) above 1.7 was isolated from frozen LV tissue, and approximately 4-10 g RNA was reverse transcribed into cDNA in an assay volume of 80 l as described previously [22] . mRNA expression of ␣ -MHC was measured by amplification of cDNA by reverse transcriptase polymerase chain reaction followed by digestion with Pst1 restriction enzyme as described previously [23] . Fluorescent band intensity was quantified using a Bio-Rad GS-670 imaging densitometer and expressed in densitometric units. Protein levels of ␤ 1 -adrenergic receptor ( ␤ 1 -AR), brain natriuretic peptide (BNP) and SERCA-2a were measured in sodium dodecyl sulfate LV homogenate prepared from LV powder by Western blots as described previously [22] . Band intensity was quantified using a Bio-Rad GS-670 imaging densitometer and expressed as densitometric units.
Statistical Analysis
All angiographic, histomorphometric and molecular biology analyses were conducted in a blinded manner. Within group, comparisons of hemodynamic and angiographic variables were made between measurements obtained at time of randomization and measurements made after completion of 3 months of therapy using the Student paired t test with a significance set at p ! 0.05. To ensure that all study measures were similar at baseline before any embolizations and at the time of randomization before initiation of therapy (pretreatment), intergroup comparisons were made using a one-way analysis of variance (ANOVA) with ␣ set at 0.05. If the overall ANOVA was significant, then pair-wise comparisons were performed using the Student-Newman-Keuls test. To assess treatment effect, the change ( ⌬ ) in each measure from pre-to posttreatment was calculated for each of the 3 study arms. To determine whether significant differences in ⌬ were present between the control group and each of the 2 treatment groups, ANOVA was performed with ␣ set at 0.05. If the overall ANOVA was significant, then pair-wise comparisons were performed using the Student-Newman-Keuls test. Histomorphometric results as well as mRNA and protein expression results were examined among the 3 study groups and normal dogs using ANOVA with ␣ set at 0.05. If significance was attained by overall ANOVA, pairwise comparisons were performed using the Student-NewmanKeuls test. For all pair-wise comparisons, a probability value ^ 0.05 was considered significant. All data are reported as the mean 8 SEM.
Results
Baseline data for all study groups are shown in table 1 . All dogs enrolled in the study had baseline hemodynamic and angiographic findings within the normal range for mongrel dogs in our laboratory. There were no significant differences in any of the baseline parameters between control dogs and dogs subsequently randomized to either atenolol or metoprolol CR/XL ( table 1 ) . Similarly, there were no significant differences between the 3 study groups in any of the measurements obtained at time of randomization (before treatment; table 2 ).
Hemodynamic and Angiographic Findings
Heart rate and mean aortic pressure remained essentially unchanged in all 3 study groups after 3 months of therapy ( table 2 ) . LV end-diastolic pressure did not change significantly in control and atenolol dogs, but decreased significantly in dogs randomized to metoprolol CR/XL. Three months after randomization, control dogs showed a significant deterioration of LV EF accompanied by a significant increase in LV end-diastolic and end-systolic HR = Heart rate; AoP = aortic pressure; EDP = end-diastolic pressure; EDV = end-diastolic volume; ESV = end-systolic volume. ( table 2 ) . No significant differences in LV EF and volumes were observed between before and after treatment in dogs treated with atenolol. In dogs treated with metoprolol CR/XL, LV EF increased significantly and LV end-systolic volume decreased significantly, whereas LV end-diastolic volume remained essentially unchanged ( table 2 ) . LV end-diastolic circumferential wall stress did not change in control and atenolol-treated dogs, but decreased significantly in the metoprolol CR/XL group. The time constant of isovolumic relaxation, , increased significantly in control dogs and decreased significantly in metoprolol CR/XL-treated dogs, but remained essentially unchanged in dogs randomized to atenolol.
Comparisons of Treatment Effect
Between-group comparisons of the change ( ⌬ ) between pre-and posttreatment measurements are shown in table 3 and figure 1 . There were no significant differences in heart rate and mean aortic pressure among the 3 study groups. Compared to control, both atenolol and metoprolol CR/XL prevented the increase in LV end-diastolic pressure and volume ( table 3 ) . Compared with controls, atenolol prevented the decline in LV EF and the increase in LV end-systolic volume ( fig. 1 ) . A similar trend, but to a greater extent, was seen in metoprolol CR/XLtreated dogs. Metoprolol CR/XL significantly reduced LV end-systolic volume and significantly increased LV EF compared with control dogs and dogs receiving atenolol ( fig. 1 ) . Furthermore, metoprolol CR/XL but not atenolol significantly decreased LV end-diastolic circumferential wall stress ( table 3 ) . Both atenolol and metoprolol CR/XL induced a significant shortening of the time constant of isovolumic relaxation, , albeit more evident in the metoprolol CR/XL group ( table 3 ) .
Histomorphometric Findings
Histomorphometric findings are shown in table 4 . VFRF, VFIF, ODD and MCSA were significantly higher, while capillary densities were significantly lower in control than in normal animals. There was no significant difference in VFRF between control and dogs randomized to either atenolol or metoprolol CR/XL. Both treatments with atenolol and metoprolol CR/XL significantly reduced VFIF, ODD and MCSA, while increasing capillary density compared to control dogs ( table 4 ) . However, the extent of the normalization in all these parameters ( table 4 ) .
mRNA and Protein Expression
Results from mRNA and protein expression analyses are shown in tables 5 and 6 and in figure 2 . As expected, expression of GAPDH was the same across all 4 study groups. mRNA expression of SERCA-2a and AC5 decreased significantly in control dogs compared to normal dogs. Atenolol had no effect on the expression of SERCA2a compared to control, while metoprolol CR/XL normalized SERCA-2a mRNA expression. Both atenolol and metoprolol CR/XL, albeit to a greater extent with the latter, significantly increased the mRNA level of ␣ -MHC when compared to control. Therapy with atenolol significantly increased the mRNA expression of AC5, whereas therapy with metoprolol CR/XL restored the mRNA expression of AC5 to near normal levels. Protein expression of ␤ 1 -AR and SERCA-2a decreased and that of BNP increased significantly in control dogs compared to normal dogs. With both atenolol and metoprolol CR/XL we observed an increase, although not significant, in the expression of ␤ 1 -AR. Therapy with metoprolol CR/XL but not with atenolol normalized the protein expression of SERCA-2a and BNP.
Discussion
Neurohormonal activation occurs in HF initially as a compensatory response but ultimately contributes to progression of LV dysfunction and remodeling [24] . The enhanced and sustained sympathoadrenergic activation mediates many of the hemodynamic, functional and structural cardiac as well as circulatory maladaptations that occur with HF [24] . Inhibition of the sympathoadrenergic drive with ␤ -blockers has been shown to prevent, halt or even reverse the vast majority of these negative changes in both experimental and clinical settings [24] . However, ␤ -blockers are a heterogeneous group of drugs, with different pharmacodynamic and pharmacokinetic profiles, and may not be equivalent with respect to their efficacy for the treatment of chronic HF [25] .
The results of the present study provide the first direct experimental evidence of a different effect of 2 ␤ 1 -selective adrenergic receptor blockers, metoprolol CR/XL and atenolol, in the treatment of chronic HF. While long-term therapy with atenolol tended to prevent progressive LV dysfunction and remodeling, it failed to improve these hemodynamic and structural outcomes. In contrast, dogs randomized to metoprolol CR/XL showed a significant improvement of LV systolic and diastolic function as shown by increased EF, decreased end-systolic volume, decreased wall stress, decreased end-diastolic pressure and shortened time constant of isovolumic relaxation, . Both metoprolol CR/XL and atenolol prevented the increase in LV end-diastolic volume observed in the control dogs. At the cellular level, the observed greater beneficial effects of metoprolol CR/XL on LV function and global remodeling corresponded to reduced interstitial fibrosis and cardiomyocyte hypertrophy along with greater capillary density. In a similar fashion, dogs receiving metoprolol CR/XL manifested a more extensive reversal of the maladaptive LV cellular and biochemical remodeling than that achieved with atenolol, with normalization of many of the key components of the fetal gene program, such as SERCA-2a, ␣ -MHC, AC5 and BNP. Taken together, these data suggest that long-term monotherapy with metoprolol CR/XL provides a more favorable effect than atenolol on LV functional and structural remodeling in dogs with HF.
No direct comparative studies on the effects of atenolol and metoprolol on LV dysfunction and remodeling in HF are available in the literature. In general, ␤ 1 -selective adrenergic receptor blockers have been reported to exert positive effects on cardiac function and remodeling in patients with HF [4, 5, 7, [12] [13] [14] [15] . However, evidence from experimental studies suggests that these agents differ with respect to the mechanisms through which such improvements are achieved. Bisoprolol, for instance, the most ␤ 1 -selective and ␤ 1 -potent agent among ␤ 1 -selective blockers [25] , was shown to improve survival in rats with postinfarction HF without exerting any significant benefit on LV hemodynamic, function, global and structural remodeling [26, 27] . Findings from animal models of HF suggest that atenolol may positively affect LV structural remodeling by reducing fibrosis through modulation of matrix metalloproteinases [28] , thus leading to decreased chamber stiffening and improved LV mechanical performance [28, 29] .
In agreement with the findings of the present study, previous reports from our group showed that metoprolol CR/XL elicits protective activity on LV global remodeling and significantly improves LV hemodynamic, systolic and diastolic dysfunction in dogs with HF [16] . The mechanisms underlying these beneficial effects are thought to be related to the marked reduction of interstitial fibrosis and cardiomyocyte hypertrophy as well as increased capillary density at the tissue level. At the cellular level, the observed increase in LV EF following long-term therapy with metoprolol CR/XL is associated with improvement of calcium handling, activation of anti-apoptotic pathways and correction of myocardial energetic abnormalities [24] . In addition, therapy with metoprolol CR/XL inhibits the induction of fetal gene program, restoring a normal gene expression of myosin heavy chain isoforms, and downregulates mRNA gene expression of natriuretic peptides and matrix metalloproteinases in LV myocardium from dogs with HF [24] .
The present study was designed to address an issue of clinical relevance, namely the potential equivalence of evidence-based and non-evidence-based ␤ -blockers in the treatment of HF. For this reason, we selected metoprolol succinate as representative of ␤ -blockers of proven efficacy in the treatment of HF from randomized controlled trials [1] [2] [3] and atenolol for ␤ -blockers not recommended for treatment of HF. Atenolol was chosen because of the high prescription rate of this agent in large HF registries in clinical practice [10, 11] . In order to avoid potential bias related to choice of doses, we selected doses and frequency of administration of atenolol and metoprolol CR/XL commonly recommended in treatment guidelines [1-3, 8, 9] , accepted to be equivalent [25] and previously used in comparative studies [30] . Current recommendations for the use of atenolol in hypertension and chronic stable angina is once daily [8, 9] and metoprolol CR/XL for HF is also once daily [1] [2] [3] . Comparisons in healthy volunteers and hypertensive or stable patients after myocardial infarction have been performed between metoprolol CR/XL 100 mg once daily and atenolol 50 mg once daily or metoprolol CR/XL 200 mg once daily and atenolol 100 mg once daily [30] . These studies provide compelling evidence to support the appropriate-ness of the selection of the doses of both metoprolol CR/ XL and atenolol used in the present study. Our results, therefore, likely reflect actual differences in the intrinsic properties of these 2 agents. Atenolol and metoprolol possess substantially similar ␤ -antagonist and pharmacokinetic properties [25] . Both drugs are highly selective ␤ 1 -receptor blockers with equivalent ␤ 1 -potency devoid of intrinsic sympathomimetic activity and membrane-stabilizing effect, and, at high doses, both may inhibit ␤ 2 -receptors [25] . Selectivity of ␤ 1 -receptor blockers has been studied in both animal models and living mammalian cells. Comparison of ␤ 1 -receptor blockers in the ferret myocardium demonstrates that both atenolol and metoprolol have similar blocking and binding constants as well as similarity in their positive response to inotropic effects of isoprenaline [31] . In mammalian cells, both atenolol and metoprolol demonstrate similar degrees of ␤ 1 -, ␤ 2 -and ␤ 3 -selectivity [32] . The effectiveness of these drugs depends not only on receptor affinity, but also on drug absorption, metabolism and tissue distribution. Bioavailability of atenolol and metoprolol is comparable, although atenolol presents a lower absorption and is not soluble in lipids [25] . Nonlipophilicity is the only difference in the ancillary properties of these agents and this may be of clinical relevance [33, 34] . It has been suggested that lipophilic ␤ -blockers may exert a better effect on survival than hydrophilic agents in the secondary prevention of acute myocardial infarction [33, 34] . The theoretical advantage of lipophilic ␤ -blockers is their ability to readily cross the blood-brain barrier, thus entering the central nervous system and thereby improving or restoring vagal tone and exerting anti-arrhythmic effects [33] . However, treatment with atenolol has also been found to increase indices of vagal tone, through peripheral rather than central ␤ -blockade, with positive effects on the sympathovagal balance equivalent or even superior to those of metoprolol CR/XL [35] . Important differences in the pharmacodynamic profiles of atenolol and metoprolol may also account for the differences observed in our study. When compared to atenolol (50 mg once daily) over a 24-hour interval, metoprolol CR/XL (100 mg once daily) shows a more even plasma concentration, with lower fluctuation ratio and longer time period of concentration higher than 50% of maximum concentration [36] . In addition, the low peak plasma concentration produced by metoprolol CR/XL may lead to higher ␤ 1 -selectivity than equivalent doses of atenolol [30] , while cardioselectivity is maintained up to dosages of 200 mg of metoprolol CR/XL [37, 38] .
Administration of ␤ -blockers results in a reduction in heart rate and blood pressure in both experimental and clinical settings [25] . These effects are beneficial in many cardiovascular disease conditions such as hypertension, ischemic heart disease and HF. ␤ -blockade therapy, when used, is often titrated to achieve a resting heart rate of approximately 60 beats/min and a blunting of the exercise-induced tachycardia response [1-3, 8, 9] . The apparent lack of change in resting heart rates observed in our study at the different study time points is most likely due to the fact that heart rates reported in the study refer to values recorded under general anesthesia and, therefore, do not truly reflect the actual resting ambulatory heart rates of the animals. Ambulatory ECG Holter monitoring, had it been done, would have provided additional insights into the mechanisms of action of atenolol and metoprolol in this animal preparation. Another potential limitation of the present study is lack of measurements of plasma norepinephrine or other markers of activation of the sympathetic nervous system. In previous studies of metoprolol tartrate using this canine model of HF, we have shown little or no reduction in plasma norepinephrine following long-term treatment [39] . Measurements of ambulatory heart rates as well as plasma norepinephrine concentration would have helped clarify whether the effects of both drugs at the structural, cellular and molecular level are mostly mediated through hemodynamic influences or mostly reflect direct myocardial actions.
In conclusion, the findings of the present study indicate that, in dogs with HF, long-term therapy with metoprolol CR/XL provides greater benefits than atenolol on LV dysfunction as well as global and cellular remodeling. These results do not support the use of atenolol as a replacement for metoprolol CR/XL to treat chronic HF.
